Otitis media (OM)-or middle-ear inflammation-is the most widely diagnosed childhood illness, with evidence implicating OM in a range of distal problems (e.g., language delays, attention problems). Polyvagal theory (Porges, 1995 (Porges, , 2007 posits that there also are likely important connections between middle-ear functioning and children's developing parasympathetic nervous systems (PNS). Using prospective longitudinal data from the Family Life Project (n ϭ 748), we tested within-and between-person relations between indicators of OM (middle-ear spectral gradient angle; SGA) and children's trajectories of respiratory sinus arrhythmia (RSA)-a marker of parasympathetic control of the heart-between the ages of 7 and 35 months. The results suggested that, irrespective of age, children with indications of chronic OM (low cumulative SGA) tended to show atypical RSA reactivity to moderate cognitive challenge, compared with the reactivity patterns of their low-OM-risk peers (mid-to-high cumulative SGA). Specifically, on average, low-OM-risk children showed RSA decreases in the context of challenge in infancy, with the magnitude of the decline weakening and eventually changing direction (i.e., RSA increase) by 35 months. In contrast, those with indicators of chronic OM evinced blunted RSA responses to challenge, irrespective of age. Within-person, temporal bouts of OM-risk were not predictive of within-person changes in RSA reactivity across early childhood.
impact children's hearing and auditory development, including modest hearing loss and atypical auditory processing (Gravel et al., 2006; Roberts et al., 2004) . In turn, these auditory deficits have been proposed to underlie a litany of distal problems, ranging from language delays and weakened academic achievement to attention and behavioral problems (see Roberts et al., 2004) .
To date, though, little empirical work has considered connections between OM and other key physiological systems. Notably, polyvagal theory (Porges, 1995 (Porges, , 2007 suggests that there may be important connections between middle-ear functioning and children's developing parasympathetic nervous systems (PNS) across infancy and early childhood-a physiological stress system known to have wide-ranging impacts on neural function, cognition, and emotion (Blandon, Calkins, Keane, & O'Brien, 2008; Calkins & Hill, 2007; Feldman & Eidelman, 2009) . The aim of the present study was to address this gap in the literature by testing betweenand within-child links concerning OM and parasympathetic functioning-as indicated by respiratory sinus arrhythmia (RSA)-across early childhood.
Polyvagal Theory and Vagal Regulation of Attention and Emotion
Polyvagal theory (Porges, 1995 (Porges, , 2007 highlights the central role of the PNS in the coordination of the PNS, the sympathetic nervous system (SNS) and the Hypothalamic Pituitary Adrenal (HPA) axis-the core physiological stress systems underlying our abilities to effectively navigate changes in our internal or external environments. PNS activity is often considered with respect to vagal tone, a naturally occurring heart-rate pattern that oscillates at approximately the frequency of spontaneous respiration (Porges, 1995 (Porges, , 2007 . Vagal tone is typically indexed via measures of RSA, and is thought to reflect the innervation of heart and bronchi by the myelinated vagus-the Xth cranial nerve within the brainstem. Cardiac vagal tone acts as a "brake" that inhibits the activity of the sympathetic (i.e., "fight or flight") branch of the autonomic nervous system (ANS), as well as the reactivity the HPA axis. Functionally, the vagal brake leads to a calm state-reflective of the "rest and digest" parasympathetic branch of the ANS.
In low-stress situations, higher vagal tone is posited to promote social approach and engagement, and is considered to reflect the individual's general level of arousal and readiness to respond to challenge. For instance, work with infants has shown that exposure to attractive and attention-eliciting toys and illustrations often elicit normative increases in RSA-or vagal augmentation. Indeed, on average, infants evincing the greatest vagal augmentation tend to show the highest levels of positive engagement in the context of these types of stimuli (Bazhenova, Plonskaia, & Porges, 2001; DiPietro, Porges, & Uhly, 1992) .
In contrast, in the context of experiential challenge perceived as threat, withdrawal of the vagal brake and the corresponding suppression of vagal tone are posited to underlie a physiological state that supports vigilance to the environment and is considered an index of regulatory capacity. For example, emotionally (e.g., stillface paradigm) and cognitively (e.g., cognitive assessments; puzzle and self-regulation tasks) challenging experiences have been shown to elicit normative RSA decreases thought to reflect vagal suppression in infancy and toddlerhood (Bazhenova et al., 2001; Calkins, Graziano, & Keane, 2007) . In turn, a well-developed literature suggests that more pronounced RSA decreases are predictive of more effective behavioral regulation (e.g., less aggression, adaptive coping) both contemporaneously and longitudinally (Blandon et al., 2008; Calkins, Smith, Gill, & Johnson, 1998; Graziano & Derefinko, 2013) .
Increasing evidence suggests that vagal tone (as indexed by "resting" RSA) tends to show normative increases across infancy and early childhood (Alkon, Boyce, Davis, & Eskenazi, 2011; Bar-Haim, Marshall, & Fox, 2000; Bornstein & Suess, 2000; Patriquin, Lorenzi, Scarpa, & Bell, 2014) . These processes largely mirror the normative increases in emotional and cognitive regulatory control typical across this developmental span (Blair & Ursache, 2011; Blandon et al., 2008) .
Normative developmental patterns with respect to vagal reactivity to experiential challenge are somewhat less clear empirically, as the limited extant data reflect a variety of "stressors" (e.g., cognitively engaging tasks, social stress, and physical stress), as well as various methods of modeling reactivity (e.g., simple differences in RSA from baseline, RSA growth rates, etc.). However, with respect to cognitive challenges-such as those we introduce below-one might expect that the need for parasympathetic regulation of emotion may be comparatively more pronounced in infancy, when children's overall regulatory capacity is far less developed than it is later in early childhood.
Polyvagal Theory and the Social Engagement System
Polyvagal theory (Porges, 1995 (Porges, , 2007 posits that vagal regulation of attention and emotion are critical components of a broader Social Engagement System-a system of structural and functional connections between the PNS and a network of nerves and muscles in the face, head, and neck that underlie our abilities to perceive and transmit social information. For example, as part of a collection of cranial nerves within the ventral vagal complex (VVC), the myelinated vagus (via general and specific visceromotor efferents) innervates muscles in the head, face, and neck that support physical orientation and pupillary response to stimuli, facial expressions, and vocal tone and prosody (Patestas & Gartner, 2016) .
Of particular relevance to the link between OM and PNS functioning, this includes common brainstem nuclei underlying the myelinated vagus and the VIIth cranial nerve-the latter of which maintains efferent regulation of the stapedius and tensor tympani muscles of the middle ear. The stapedius and tensor tympani muscles modulate the amount of sound energy transmitted to the cochlea by contracting to stiffen the oscillatory chain (Pensak & Choo, 2014) . In the cochlea, these modulated sound waves are transformed into neuroelectrical impulses that are transmitted largely contralaterally to the superior olivary complex and lateral lemniscus before being relayed bilaterally to the auditory cortices to become an aural representation.
Functionally, these middle-ear muscles serve a protective role by reflexively moderating dangerously loud stimuli. However, they also play a critical role in masking low-frequency sounds that would otherwise make higher frequency sounds-such as those of the human voice-imperceptible (Borg & Counter, 1989; Liberman & Guinan, 1998) . Indeed, theory and prior work suggest that these middle-ear processes support an auditory frequency range of This document is copyrighted by the American Psychological Association or one of its allied publishers.
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perceptual advantage between 500 and 4,000 Hz (Pensak & Choo, 2014; Porges & Lewis, 2010) . This band aligns with frequencies common to typical high-energy human speech, lullabies, (Porges & Lewis, 2010) , and female Infant-Directed Speech (IDS; ϳ300 -600 Hz; Andruski & Kuhl, 1996; Fernald & Simon, 1984) . Connections between the middle-ear and the PNS processes are likely bidirectional. Emerging evidence suggests possible "bottomup" vagal influences on middle-ear functioning. For instance, some initial work suggests that stronger vagal tone is associated with heightened tympanic membrane compliance in the middle earfunctioning crucial to the efficient transmission of medium-to high-frequency sound (Heilman, Bal, Bazhenova, & Porges, 2007) . Interestingly, these authors found that these relations were largely lateralized to the right ear. As they highlight, this is noteworthy because it aligns rather strikingly with the known right-biases of both vagal control of the heart (i.e., right nucleus ambiguous to right vagus) and somatomotor control of the stapedious via the VIIth cranial nerve. It also aligns with a known right-ear advantage for human speech (Cowell, 2010; Kimura, 1967) -an advantage typically ascribed to the comparatively stronger contralateral connection between the right ear and the language regions of the left hemisphere (Baynes & Gazzaniga, 2005) .
This right-ear advantage also aligns with right-ear biases evident in olivocochlear system. Specifically, via largely contralateral connections between the cochlea and the superior olivary complex, auditory stimuli in one ear has been found to inhibit activity in the contralateral cochlea-suppressing its neural signal (Buño, 1978; Murata, Tanahashi, Horikawa, & Funai, 1980) . Several studies have now shown that this contralateral inhibition is stronger for acoustic information received by the right ear (Bidelman & Bhagat, 2015; Sininger & Cone-Wesson, 2004) , with some crosssectional work suggesting that this specific right-ear bias emerges sometime around 9 months of age (Morlet et al., 1999) .
Acoustic information also shows "top-down" regulatory effects on PNS functioning, both directly through corticobulbar afferents to the source nucleus of the solitary tract, as well as indirectly via the limbic system and midbrain colliculi (Frühholz, Trost, & Grandjean, 2014; Müller-Ribeiro, Goodchild, McMullan, Fontes, & Dampney, 2016) . Indeed, acoustic frequencies within the range of perceptual advantage (e.g., lullabies; IDS) have long been thought to modulate vagal tone, calmness, and social engagement (Amini, Rafiei, Zarei, Gohari, & Hamidi, 2013; Feldman, MagoriCohen, Galili, Singer, & Louzoun, 2011) . For instance, in the context of maternal IDS or lullaby-type singing, infants tend to slow their motor activity and increase their attention-presumably reflecting the soothing effects of these auditory stimuli. (e.g., Masataka, 1999; Nakata & Trehub, 2004; Saint-Georges et al., 2013) . Meta-analytically, highly variable and contoured maternal speech prosody-central and elements of IDS-show robust positive relations with infant attention and positive engagement (Spinelli, Fasolo, & Mesman, 2017) . Further, studies of real-time mother-infant interactions suggest that similar relations extend to children's autonomic functioning. For example, Feldman and colleagues (2011) found that mother and infant heart rates tend to synchronize in the context of vocal synchrony marked by elevated maternal IDS.
Provocatively, Porges' (2007; Porges et al., 2013 ) research group has shown preliminary evidence that strengthening middleear musculature (via acoustic exercises) may partially normalize the acoustic processing, sociobehavioral, and PNS deficits often found with children with (low-functioning) autistic spectrum disorder (ASD). This provides a plausible indication that changes in middle-ear functioning-at a physical level-may have important downstream effects on PNS functioning.
Whether similar relations are evident in more normative samples is unclear. However, OME in infancy and early childhood may serve as "natural experiment" for such processes. Physically, OME weakens tympanic compliance and the stapedial reflex, two of the key processes with anatomical origins in the ventral vagal complex. Chronic OME also likely impacts the perception of socially relevant acoustic stimuli. Indeed, although conductive hearing loss tends to be minimal during bouts of OME (5-20 db) and recovers shortly thereafter, some evidence suggests that chronic OME may undermine more complex auditory functioning (e.g., frequency masking, signal-to-noise), even after normal hearing returns (Roberts et al., 2004; Vernon-Feagans & Manlove, 2005) . This is consistent with other work showing that children with OME often show atypical Auditory Brainstem Responses (ABR; Gravel et al., 2006; Hall & Grose, 1993 )-evoked response potentials directed specifically to brainstem nuclei, including the cranial nerves central to the polyvagal model. As such, in addition to the potential effects of OME and PNS on children's social interactions more broadly, OME may have direct impacts on the way acoustic stimuli from these experiences is experienced physiologically (Heilman et al., 2007; Porges et al., 2013) . When the absence of these normative supports accumulates over time-per chronic OME-it may underlie meaningful functional differences in the PNS as it develops across infancy and early childhood.
The Present Study
The aim of this study is to begin to test these relations directly. Specifically, we leverage prospective longitudinal data with respect to middle-ear effusion and RSA reactivity between the ages of 7 and 35 months to address the following questions:
1. Do children showing cumulatively elevated levels of middle-ear effusion across early childhood-a potential indicator of chronic OME-tend to show atypical RSA trajectories, compared with their more moderate-to loweffusion peers?
2. Are similar relations evident within-children, such that more transient, time-specific shifts middle-ear effusion are associated with contemporaneous changes in parasympathetic functioning?
3. Is there evidence of a right-ear bias?
We hypothesized that there would be normative increases in resting RSA across infancy and early childhood. Given normative developmental growth in young children's cognitive and emotional regulatory capacities, we reasoned that moderate cognitive challenges would elicit RSA reactivity suggestive of vagal suppression in infancy, yet that the magnitude of this relation would diminish over time-perhaps changing direction (i.e., vagal augmentation)-as children's overall capacities for negotiating such challenges increase. Notably, drawing on polyvagal theory, we This document is copyrighted by the American Psychological Association or one of its allied publishers.
hypothesized that these normative developmental trends would differ for children showing cumulative indications of OME (i.e., elevated middle-ear effusion). In particular, given the presumed negative impact of ongoing OME on young children's overall exposure to the full and nuanced spectrum of language prosody embedded in normative social interactions, we hypothesized that these children's parasympathetic responses may be more blunted than those of their low-OME-risk peers. Notably, given the novelty of this line of questioning, we offered this as only a tentative hypothesis about the specific "atypicality" of these children's RSA trajectories. Finally, based on both polyvagal theory and prior empirical work (Heilman et al., 2007) , we conjectured that these relations might show a right-ear bias.
Method Participants
The Family Life Project (FLP) was designed to study young children and families in two of the four major geographical areas of the United States with high poverty rates. Specifically, three counties in Eastern North Carolina (NC) and three counties in Central Pennsylvania (PA) were selected to be indicative of African American families in the South and Caucasian families in Appalachia, respectively. The FLP adopted a developmental, epidemiological design in which sampling procedures were used to recruit a representative sample of 1,292 children whose families resided in one of the six counties at the time of the child's birth. Low-income families in both states and African American families in NC were oversampled. A comprehensive description of the sampling procedure is provided by Vernon-Feagans and colleagues (2013) . Sampling weights were used in all analyses to reflect the sampling plan.
Given the time-intensive nature of collecting and cleaning electrocardiogram (ECG) data, a planned missingness design was adopted in which one third of the total sample (n ϭ 400) was randomly assigned to contribute ECG data longitudinally. As expected, no differences were evident between the overall sample the ECG subsample, with respect to large number of demographic variables. Within the ECG subsample, approximately 40% children provided SGA data at three or all four of the data collection waves; 33% provided SGA data across two waves, 22% provided one wave of data, and 8% provided no SGA data. The corresponding patterns with respect to RSA data were 38%, 38%, 23%, and 0%, respectively.
Statistical tests of missingness (Little's MCAR test: 2 ϭ 646.88, df ϭ 617, p. ϭ .196) suggested that missingness was likely random (e.g., no systematic attrition). Consistent with this, we found that missingness was largely unassociated with the large array of observed demographic variables we tested. Research site was the exception: The NC site was comparatively more likely to have children provide only a single ECG observation (30%) than was the PA site (7%). In accordance with the MAR assumptions of our FIML estimator-specifically, that missing data is conditionally random after adjusting for the missing data mechanisms-a site dummy variable was included in our vector of control covariates in all models. The analytic sample comprised 748 children: the 400 children in the ECG subsample, and 348 children who provided only SGA data. In the context of FIML estimation, this allows us to maximize the total amount of data contributed to the model, even if each individual fails to contribute data to every specific parameter estimate.
Procedure
Participating families were visited at their homes for data collection when the child was around 7 months old, with subsequent visits occurring at approximately annual intervals thereafter. At each time point, families were visited in the home by highly trained research assistants. Children's primary caregivers (99% of cases the mother) were administered questionnaires concerning household, demographic, and child characteristics. At the 7-, 15-, 24-, and 35-month home visits, ECG data were collected to measure both resting RSA and RSA reactivity to a moderate cognitive challenge. At 7 and 15 months, the children's cognitive challenge comprised the administration of the Bayley Scales of Infant Development (BSID-II; Bayley, 1993) , a widely used measure of cognitive development in the first 2 years of life. At 24 and 35 months, the children's cognitive challenge comprised the administration of the Expressive Communication subscale of the Preschool Language Scale-4 (PLS-4; Zimmerman, Steiner, & Pond, 2002) , a widely used measure of expressive language. All FLP research was approved for the ethical treatment of human subjects by the University of North Carolina, Chapel Hill Office of Human Research Ethics (Study #: 05-0281).
Measures
Respiratory sinus arrhythmia (RSA). RSA is measured as heart-rate variability within the oscillation of a respiratory cycle. It serves as an index of parasympathetic functioning and is thought to reflect vagal control of the heart and bronchi (Porges, 1995 (Porges, , 2007 . At each ECG collection, the experimenter placed three disposable pediatric electrodes in a Lead II configuration on the child's chest while the child was seated in the caregiver's lap. The electrodes were connected to a preamplifier, the output of which was transmitted to a laptop computer running ECG collection software (Mindware Technologies, Westerville, OH). During the baseline phase, cardiac interbeat interval (IBI) data were collected continuously for a 5-min period during which the child was stimulated as little as possible to assess baseline RSA. During the challenge phase, continuous IBI data was collected for up to 15 min, while the child was administered the cognitive assessment.
RSA was calculated using Mindware Technologies software (Westerville, OH). The algorithm: (a) applies a moving polynomial to de-trend periodicities in the IBI time series that are slower than RSA; (b) extracts the heart rate variability within the frequency band of spontaneous respiration in children, .24 to 1.04 Hz, via a bandpass filter (Bar-Haim et al., 2000; Calkins & Keane, 2004; Stifter & Corey, 2001) ; and (c) derives an RSA estimate by calculating the natural log of specified heart period variability, scaled as ln (ms) 2 units. Trained coders edited the ECG heart period records for movement artifacts. Mean RSA was calculated for each 60 s of the baseline and reactivity tasks. As discussed below, we used these RSA time-series to model RSA baseline, reactivity and recovery.
Middle-ear spectral gradient angle (SGA). Otoscopic evaluation of the middle ear by a physician is the gold standard for This document is copyrighted by the American Psychological Association or one of its allied publishers.
the clinical diagnosis of OME in young children. However, other methods, such as tympanometry and Spectral Gradient Acoustic Reflectometry (SGAR) are common adjunctive tools used in the diagnosis of OME. Given its noninvasiveness and ease of administration, SGAR is increasingly used as a diagnostic aid with young children. For this reason, we adopted SGAR as our index of OME risk. Specifically, SGAR data were collected from each of the child's ears during the 7-, 15-, 24-, and 35-month home visit using an Ear Check PRO device (Innovia Medical, Lenexa, KS). The Ear Check PRO is a hand-held instrument that emits sonar-like frequencies into the ear canal through a small probe placed at the child's ear. Spectral gradient angle (SGA) is measured as the extent to which the emitted tones pass through the tympanic membrane (TM) and are reflected back to device from the middle ear. In healthy ears, the acoustic energy of the tone passes readily through the TM, reaching the middle ear and, thus, reflecting little back to the device. This produces a wide SGA, an indicator of low OME risk. In contrast, middle-ear effusion restricts the mobility of the TM, reflecting much of the tone stimulus back to the device. This produces an acute SGA angle, suggestive of greater OME risk. SGA itself is a continuous measure, scaled in degrees. The manufacturer recommends that SGAs more acute than 70°are suggestive of moderate risk for OME, though the utility of this threshold for optimal OME diagnosis is less clear empirically. Using OME diagnosis by pneumatic otoscopy as a criterion, some work has found the Ͻ70°threshold to be reasonably sensitive (e.g., 72%) and specific (e.g., 73%) in the detection of OME (Barnett et al., 1998; Block et al., 1998) . Based on this 70°threshold, between 20.1 and 29.6% of children were at heightened risk for OME (in at least one ear) during the four observation points between 7 and 35 months in the present sample. Given our interest in the functional effects of middleear effusion across the distribution-rather than at a particular clinical-effusion threshold-we model SGA as a quadratic function. This allows us to capture the hypothesized nonlinearity, without adopting a (perhaps, noisy) a priori clinical cutpoint. We operationalized SGA as comprising cumulative or "trait-like" aspects that vary between children (i.e., child-mean SGA), as well as SGA levels that vary within-children around his or her own trait-like SGA level over time (i.e., child-mean centered).
Control covariates. To establish a reasonable controlcovariate model, we estimated relations between our core predictors-left and right ear spectral gradient angle-with an array (Ͼ100) of potential observed confounds. Surprisingly, we found that virtually all of these potential confounds were (statistically and descriptively) orthogonal to SGA. The limited number of variables that were modestly correlated with SGA were included as covariates in all models (i.e., maternal functional literacy, maternal obesity, breast feeding at 7 months, Medicaid/SCHIP receipt, paternal age at child birth, and daily hours of TV). Study site (NC ϭ 1), race (African American ϭ 1), average child care hours between 7 and 35 months, and the total minutes of RSA data at each visit were also controlled. We describe these measures in the online supplemental material (S1).
Data-Analytic Plan
Given that our core outcome, RSA, varied within-persons across multiple timelines-within-task (across 1-min epochs) and across longitudinal time (ages 7, 15, 24, and 35 months), we adopted a multilevel modeling approach to model change simultaneously across the two time-scales. First, based on theory and taxonomies of unconditional growth models fitted for each respective longitudinal wave (see Table 2 ), we established a plausible common piecewise functional form representing RSA baseline (i.e., estimated true mean of the first 5 min of minimal stimulation); a linear RSA reactivity segment (i.e., estimated true linear growth rate between the end of baseline and the first 4 min of the challenge task); followed by a linear recovery segment (up to 11 min). Sensitivity analyses regarding alternative functional forms of the average RSA growth function are available from the first author.
Second, we integrated the four longitudinal RSA growth models (i.e., one at each age) into a combined model-that is, a "growth model of growth models"-such that the RSA baseline, reactivity, and recovery components were themselves allowed to change linearly (and quadratically, as appropriate) as a function of age (scaled in years).
Third, after establishing a plausible structure for the RSA means and (co)variances, we then added our between-child indicator of cumulative (i.e., child mean) OME risk. Specifically, because OME was estimated based on a continuous measure of middle-ear spectral gradient angle (SGA), we added quadratic representations of SGA to capture our expectation that the relation between SGA and RSA would emerge largely in the "clinical range" at the low end of the SGA distribution. We also added within-person timevarying SGA to the model, to test the extent to which the relation between SGA and RSA was limited to cumulative, "trait-like" aspects of SGA over time or whether it extended to time-varying within-person effects, as well.
We constructed our models gradually, testing the relations for each ear individually, before integrating the data into a combined model. To compare whether the relations were biased to SGA in the right ear, we tested a series of constraints in which the effects of each ear were either constrained to equality or freely estimated across nested models. Right-ear bias was suggested to the extent to which: (a) the equality constraint significantly degraded model fit, and (b) the relation between SGA and RSA was statistically significant for only the right ear. We describe an exemplar model equation in the online supplemental material (S2). All models were fitted in Mplus 7.4 (Muthén & Muthén, 2015) , using a robust maximum likelihood estimator.
Results

Preliminary Analyses
As shown in Table 1 , the results from a series of unconditional growth models suggested that baseline RSA showed a rather linear increase between 7 and 35 months. There was statistically significant variation in baseline RSA at each observation point, with the magnitude of the respective variances increasing over time. Descriptively, the magnitude of RSA reactivity to the challenge task varied over time-showing an indication of vagal regulation that decreased in size as children aged. Between-child variation in RSA This document is copyrighted by the American Psychological Association or one of its allied publishers.
reactivity was statistically significant and rather similar over time.
Irrespective of age, on average, there was little evidence of RSA recovery after their immediate response to task onset-that is, on average, children tended to maintain their post-RSA-reactivity levels for the remainder of the task. There was also little to no between-child variation in RSA recovery. Using the factor scores generated by these growth models, zero-order correlations indicated that there was moderate rankorder stability in children's baseline RSA levels over time, with temporally adjacent correlations ranging from .41 to .46 (see Table  2 ). Notably, the respective rank-order stabilities of the other components of children's RSA trajectories were largely null, and subsequent partialing indicated that cross-component correlations over time (e.g., baseline t-1 with reactivity t ) were explained largely by rank-order stability in baseline RSA.
Unconditional Growth RSA Trajectories
As expected based on the descriptive data presented in Table 1 , a taxonomy of unconditional growth models indicated that, on average, children's baseline RSA levels increased linearly between 7 and 35 months of age (Table 3, M1; Figure 1 ; ␥ ϭ .746, p Ͻ .001). Using the between-person variance of RSA baseline at 7 months the scale, this corresponds to an increase of approximately .71 SDs per year. There was, however, notable variation in these rates of linear increase between children ( slope 2 ϭ .571, p Ͻ .001). As evidenced by the statistically significant interaction (␥ ϭ .037, p Ͻ .001), the magnitude and direction of RSA reactivity slope varied across infancy and early childhood. Consistent with the idea of vagal suppression, at 7 months, children tended to show RSA decreases across the first 4 min of the cognitive challenge, on average (␥ react_7months ϭ Ϫ.05, p Ͻ .001). However, this population average negative RSA reactivity was attenuated over time, eventually changing direction to become positive by 35 months of age (albeit, at only marginal levels of statistical significance; ␥ react_35months ϭ .03, p ϭ .06). Irrespective of age, there was statistically significant between-child variation in rates of RSA reactivity around these respective average RSA reactivity means (e.g., react_7months 2 ϭ .016, p Ͻ .001; react_35months 2 ϭ .014, p Ͻ This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
.001). Finally, there was an indication that RSA levels tended to stabilize after the initial reactivity phase; on average, the recovery slope was statistically zero at 7 months (␥ recov_7months ϭ Ϫ.009, p ϭ .14), identical over time (␥ recov ‫ء‬ age ϭ .001, p ϭ .72), and there was no evidence of between-child variation around these population average RSA recovery slopes, regardless of age.
With respect to variability in middle-ear SGA (i.e., OME risk), longitudinal factor analytic models ( 2 ϭ 33.42, df ϭ 27, p ϭ .18; root mean square error of approximation [RMSEA] ϭ .02; comparative fit index [CFI] ϭ .97) indicated that there was evidence of statistically significant variation both between-( right ϭ 68.52, p ϭ .002 and left ϭ 64.5, p ϭ .01), and within-children ( right ϭ 359.18, p Ͻ .001 and left ϭ 339.7, p Ͻ .001). On average, approximately 17% of the total variation in children's SGA ratings were accounted systematic aspects that varied between children; whereas, the remainder (and majority) of the total variation was accounted for within-person SGA variation (and measurement error). As described below, person-centered analyses (i.e., growth mixture) suggested that approximately 14% of children show chronically elevated OME across between 7 and 35 months of age.
RSA Trajectories and Middle-Ear SGA
To test the extent to which high cumulative levels of middle-ear effusion across infancy and early childhood-as indexed by low middle-ear SGA-were associated with atypical RSA trajectories between 7 and 35 months of age, we modeled each component of the short-and long-term growth processes (i.e., Level 1) as a quadratic function of children's mean SGA ratings across this period (i.e., Level 2). We provide the fitted estimates from a selection of our taxonomy of models in Table 3 . We highlight M3 as our preferred model for parsimony, given the null within-child effects. To aid in the interpretation of this model, we provide two visual representations of the empirical relations: (a) we provide scatterplots illustrating the quadratic functional forms of the respective relations between mean SGA and children's 7-month RSA reactivity and the extent to which this RSA reactivity effect varies as a function of age ( Figure 2a and 2b) ; (b) based on the fitted estimates from M3, we provide conditional growth plots for two "prototypical" children-one with normative SGA ratings (i.e., median SGA; 99.5°), the other with SGA levels suggestive of chronic OME (SGA ϭ 69°). All other variables are held at their respective means.
Right-ear SGA. On average, baseline RSA increased as a function of age-this was evident, irrespective of SGA (see dashed parallel trajectories in Figure 3 ). As shown in Table 3 (M3), children's mean right-ear SGA ratings showed quadratic relations with their levels of RSA reactivity at 7 months of age (␥ SGA2 ϭ .009, p ϭ .01), as well with changes in children's RSA reactivity levels between 7 and 35 months of age (␥ SGA2 ϭ Ϫ.008, p ϭ .02). Pseudo-R 2 estimates indicated that the linear and quadratic SGA effects accounted jointly for approximately 14% and 17% of the between-child variation in RSA reactivity and the two-way interaction between RSA reactivity and age, respectively. This document is copyrighted by the American Psychological Association or one of its allied publishers. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
We illustrate these curvilinear functions descriptively in Figure  2a and 2b. Specifically, in Figure 2a , the y-axis represents the model-implied linear rate of RSA change during the first 4 min of the challenge task at age 7 months; the y-axis in Figure 2b represents the model-implied linear rate at which this RSA reactivity changed between 7 and 35 months (i.e., RSA reactivity ‫ء‬ age random effect). Each is conditioned on mean right-ear SGA between 7 and 35 months, where SGAs more acute than 70°are suggestive of heightened risk for OME. This "clinical range" largely aligns with the functions displayed in Figure 2a and 2b. Consistent with the idea of normative vagal suppression, on average, those with mean SGA ratings approximating the normative range (e.g., 75°or greater) tended to show RSA decreases upon the onset of the cognitive challenge at 7 months of age (Figure 2a) . Those in this normative range also showed reductions in their levels of RSA reactivity between 7 and 35 months (i.e., positive values; Figure 2b ). In contrast, children with SGA ratings in the clinical range tended to show either no RSA reactivity or RSA increases upon the onset of the challenge (i.e., vagal augmentation) at 7 months (Figure 2a ). These 7-month RSA reactivity levels also became more negative between the ages of 7 and 35 months, for those in the clinical SGA range (Figure 2b) . Across the board, these descriptive data indicated that: (a) a quadratic function was, indeed, needed to accurately model the relations of interest, and (b) the quadratic estimates yielded by our model are not driven by high-leverage, outlying data points.
Inferentially, we display these short-and long-term relations based on our fitted estimates in Figure 3 . As illustrated by the solid black trajectories in Figure 3 , on average, children with SGA levels indicative of low risk of OME (e.g., median), tended to show statistically significant RSA decreases upon the initiation of the challenge task at 7 months (␥ lo_risk ϭ Ϫ0.056, p Ͻ .001). Scaled on the unconditional between-person baseline RSA variance at 7 months of age, this corresponds to a decrease of approximately a quarter of a SD (␥ lo_risk_stand ϭ .23). Notably, the magnitude-and ultimately the direction-of the RSA response changed linearly as a function of age. At 15 months of age, RSA reactivity remained negative and statistically significant (␥ lo_risk ϭ Ϫ0.024, p ϭ .018); however, by 35 months of age these low-OME-risk children tended to show immediate RSA increases after the onset of the challenge task (␥ lo_risk ϭ .048, p ϭ .01).
For those with cumulative SGA levels suggestive of chronic OME, a quite different developmental pattern emerged. At 7 months of age, on average, high-OME-risk children showed no RSA response to the challenge task (␥ hi_risk ϭ 0.016, p ϭ .55), and this flat RSA response was statistically identical over time (␥ hi_risk ϭ Ϫ.007, p. ϭ .76; Figure 3) .
As with the unconditional models, there was little evidence of RSA recovery across the latter end of the challenge task, and mean SGA was not predictive of RSA recovery. There was also no indication of linear or quadratic within-child effects for right ear SGA (M2), such that time-specific deviations from one's own mean or "trait-like" level of SGA across infancy and childhood were predictive of contemporaneous shifts in RSA. That is, the relation between SGA and RSA manifested only for more cumulative, trait-like aspects of SGA.
Left-ear SGA. As shown in Table 3 , there were no linear or quadratic relations between SGA and any of the RSA growth processes. Consistent with a right-ear bias, an omnibus model constraint testing equality of the left-and right-ear relations indicated that the left and right ear estimates differed from each statistically and, thus, could not be meaningfully collapsed (⌬S-B Ϫ211 ϭ 31.21, ⌬df ϭ 10, p Ͻ .001).
Sensitivity analyses. In a series of sensitivity analyses, we respecified our model to test several higher-order and cross-level interactions-for instance, nonadditive effects across SGA in the This document is copyrighted by the American Psychological Association or one of its allied publishers.
left and right ear, quadratic within-person SGA effects, and crosslevel interactions between time-invariant and time-varying SGA. We also tested the extent to which the between-person SGA effects were explained by (or contingent upon) children's performance on the cognitive stressor. There was no support for any of these relations. In addition, although it is common in multilevel modeling to use children's mean levels of a given time-varying predictor (e.g., SGA) as an indicator of their "typical," "cumulative," or "traitlike" level of the predictor over time, mean levels do not tap chronicity of risk directly. To test whether our findings were robust to a more "person-centered" analytic approach, we: (a) established typologies of children's OM histories using a series of growth mixture models, and (b) tested the extent to which these groupings of OM chronicity predicted substantively similar differences in children's RSA. As detailed in the online supplementary materials (S3), the two analytic approaches led to identical substantive conclusions.
Discussion
Most young children in the United States will experience otitis media-inflammation of the middle ear-sometime in the first 5 years of life (ϳ68%; Auinger et al., 2003) . A smaller percentage of children will experience multiple or chronic bouts of OM across this period (40%; Auinger et al., 2003) . Highlighting anatomical and functional connections between middle-ear musculature and the ventral vagal complex, polyvagal theory (Porges, 1995 (Porges, , 2007 suggests that OME may underlie meaningful individual differences in children's developing parasympathetic stress systems. Informed by this model, we used prospective longitudinal data to test the extent to which risk for OME across infancy and early childhood was associated with atypical trajectories of children's parasympathetic responses across this span. Our findings indicated that, on average, children with cumulatively elevated levels of middle ear effusion-an indicator of OME-tended to show atypically blunted RSA responses to modest cognitive challenges at 7, 15, 24, and 35 months of age, compared with the trajectories of their more normative peers. Shorter-term, within-person temporal shifts in middle ear effusion were not predictive of RSA.
Normative RSA Development
Consistent with prior work, we found that, on average, children showed normative, linear increases in their "resting" RSA levels between 7 and 35 months of age (Alkon et al., 2011; Bar-Haim et al., 2000; Bornstein & Suess, 2000; Patriquin et al., 2014) . Higher resting RSA is thought to reflect parasympathetic activity during times of relative calm, in which the "vagal brake" dampens sympathetic and adrenocortical activity and supports active attentional engagement in the social world (Porges, 1995 (Porges, , 2007 . Empirically, higher neonatal vagal tone has been linked to more rapid devel- Figure 2 . (a) Scatterplot displaying the relation between respiratory sinus arrhythmia (RSA) reactivity (factor scores) at 7 months of age, conditional on mean right-ear spectral gradient angle. Shaded region represents manufacturer-recommended clinical spectral gradient angle (SGA) range for otitis media with effusion (OME). (b) Scatterplot displaying the relation between linear rate of change in RSA reactivity (factor scores) between 7 and 35 months, conditional on mean right-ear spectral gradient angle. See the online article for the color version of this figure.
Figure 3. Fitted trajectories of children's respiratory sinus arrhythmia (RSA) response to a cognitive challenge for prototypical child with normative (black) and potentially problematic (gray) levels of middle-ear effusion across early childhood. This document is copyrighted by the American Psychological Association or one of its allied publishers.
opment of social skills across early childhood (Feldman & Eidelman, 2009) , and children showing normative RSA gains across infancy and early childhood have been found to evince more advanced social cognition and communication at age four, compared with their peers showing more modest RSA gains (Patriquin et al., 2014) . Indeed, such resting-RSA gains may support (and/or reflect) the normative social, self-regulatory gains common to this developmental span. The developmental picture from our results with respect to RSA reactivity suggested that young children's parasympathetic responses to a modest cognitive challenge may be quite different across infancy and early childhood. At 7 months of age, children tended to show acute RSA decreases upon the onset of the cognitive task. Yet, the magnitude of this RSA reactivity was increasingly attenuated with age, becoming statistically nonsignificant by 24 months of age and reversing direction (i.e., vagal augmentation) by 35 months.
Given variability in the sample demographics, the types of experiential stressors used, the developmental timing, and the quantification of RSA reactivity, it is difficult to compare our findings with the few extant studies considering similar developmental changes in RSA reactivity. For instance, Conradt and colleagues (2014) used a modest cognitive challenge and reported a similar trend by which the magnitude of RSA decreases weakened as children aged. However, this trend emerged with somewhat older children (ages 3-6), and the direction of the RSA reactivity never "flipped" to reflect RSA increases. Descriptively, Bornstein, and Suess (2000) showed a similar trend between the ages of 2 and 5. Somewhat contrary to our findings, Alkon and colleagues (2011) found that the absolute magnitude of the RSA decreases they observed increased between the ages of 6 and 42 months (i.e., increasingly large RSA decreases). Interestingly, this trend was reflective of the fact that-unlike prior studies of infants-on average, children failed to mount any RSA response before 42 months.
Thus, the extant empirical literature is too scant to support a consensus about normative development of RSA reactivity across early childhood. However, the changes in RSA reactivity that we observed were largely consistent with predictions made by the polyvagal model. Specifically, polyvagal theory posits that parasympathetic reactivity will change as the underlying neurophysiological systems mature. As such, the dramatic gains in children's abilities to self-regulate their attention and emotions across infancy and early childhood presumably have profound effects on the way children perceive and modulate arousal in the context of modest cognitive challenges.
In infancy, when children's self-regulatory resources are comparatively less developed, the experience of interacting with a novel adult in the context of a cognitive assessment may be experienced as somewhat aversive. As such, withdrawal of the vagal brake (i.e., operationalized as RSA decreases) would represent an adaptive response because it frees up sympathetic (and, if necessary, adrenocortical) resources to manage the stressor and return the system back to its resting state. In contrast, by the age of three, on average, these same children likely have the requisite regulatory resources to navigate such challenges effectively. Indeed, a modestly challenging cognitive assessment may be met with increased positive attentional engagement-an outcome that has been linked to RSA increases ("vagal augmentation"; Bazhenova et al., 2001; DiPietro et al., 1992) . Although our findings await replication, accumulating evidence suggests that there are normative changes in RSA reactivity across early childhood, with some indication that RSA suppression to modest challenges may become increasingly attenuated.
Middle-Ear Effusion and RSA
Notably, we also found marked individual differences in the rates in which children's baseline RSA and RSA reactivity levels changed over time. Drawing from polyvagal theory, we hypothesized that some of these developmental differences would be explained by individual differences in children's middle-ear functioning-as indicated by measures of middle-ear effusion. Specifically, the polyvagal model posits critical connections between the parasympathetic branch (PNS) of the ANS and a Social Engagement System-an integrated system of sensory organs and muscles in the face, head and neck underlying the perception and transmission of social information. This includes structural and functional pathways linking vagal control of the PNS with middle-ear musculature known to have antimasking effects on auditory frequencies common to human speech prosody. As such, we reasoned that restricted access to such normative auditory stimuli-via chronic middle-ear effusion-may underlie individual differences in children's PNS development.
Our findings were largely consistent with these hypotheses. On average, children experiencing cumulatively elevated levels of middle-ear effusion between the ages of 7 and 35 months tended to show somewhat "blunted" RSA reactivity during the modest cognitive challenge. This was the case, irrespective of age. In contrast, children with typical levels of middle-ear effusion showed a normative trend, such that they RSA decreases in infancy became increasingly attenuated with age.
Empirical studies connecting the middle-ear with PNS functioning are only beginning to emerge. However, our results are largely consistent with these early findings. For instance, in their study of 3-to 5-year-old children, Heilman and colleagues (2007) found that children with higher tympanic membrane compliance-the dynamic change of the tympanic muscle to auditory frequenciestended to have higher resting RSA levels, as well as higher RSA during social engagement with a novel adult. Consistent with predictions of the Social Engagements System, these children also showed more spontaneous eye gazes to the adult with whom they were interacting.
Like these authors, we also found that the relation between middle-ear processes and RSA showed a right-ear bias. In our data, left-ear OME was unassociated with baseline RSA or RSA reactivity. Heilman and colleagues (2007) proposed that such biases may be explained by a known right-ear advantage for human speech (Kimura, 1967) . Although the neural and cognitive mechanisms remain unclear, behavioral and psychophysiological studies provide support for a right-ear advantage for auditory frequencies common to human speech (see Cowell, 2010; Hiscock & Kinsbourne, 2011) . Indeed, cross-species work suggests similar right-biases for conspecific vocalizations in nonhuman primates (Hauser & Andersson, 1994; Heffner & Heffner, 1984; Ghazanfar, Smith-Rohrberg, & Hauser, 2001) .
Notably, the pathways linking such right-ear biases with PNS functioning remain unclear and are likely far more complex than This document is copyrighted by the American Psychological Association or one of its allied publishers.
any broad lateralization hypothesis. This is particularly the case with respect to affective language prosody-an aspect of language that presumably plays an important role in connection between linguistic input and RSA. The extent to which different aspects of speech prosody may be bilaterally or asymmetrically lateralized across the left and right hemispheres is debated (Leshem, Arzouan, & Armony-Sivan, 2015; Witteman et al., 2014) . For instance, lesion studies suggest that speech prosody is processed bilaterally, with emotional prosody being somewhat more strongly processed in the right hemisphere. As such, on one hand, we find it heartening that our findings are consistent with the only other study to test a similar relation between middle-ear processes and PNS functioning (i.e., Heilman et al., 2007) . On the other hand, we acknowledge that there are many questions left to reconcile, with respect to the observed right-ear bias. Contrary to our expectations, between-child differences in cumulative OME risk were unassociated with changes in children's baseline RSA levels, which tended to increase over time irrespective of OME risk. The explanation for this is unclear. One possibility is that the dynamics of the PNS response may be somewhat more flexible to change than are the basal "setpoints" of the system. This is likely particularly the case, given that OME is presumably a comparatively modest functional challenge, relative to the chronic and pronounced experiential stressors commonly thought to underlie major reorganization of stress-system set-points (e.g., allostatic load; McEwen, 1998). Although it ultimately remains conjecture, the idea that PNS reactivity may be more labile than basal vagal tone is, to some degree, consistent with empirical findings concerning rankorder stability in baseline RSA and RSA reactivity over time. For instance, like others (e.g., Alkon et al., 2006 Alkon et al., , 2011 Calkins & Keane, 2004) we found moderate rank-order stability in children's baseline RSA levels-yet, that RSA reactivity was largely orthogonal across early childhood.
There was also no evidence of within-person relations between OME and RSA. Temporal changes in spectral gradient angle were not predictive of contemporaneous changes in RSA over time, irrespective of ear. Given the methodological advantages to within-person inferences (e.g., more plausible exogeneity), this would have arguably made a more compelling case for a causal relation. The implications of this null within-person effect for the between-person relations that we did observe are unclear. It is possible that our between-person effects are spurious manifestations of unobserved confounds. However, we find this interpretation difficult to reconcile with the fact that we had a difficult time finding observed variables that might serve as possible betweenperson confounds-children's mean SGA levels over time were largely orthogonal to the many potential covariates we considered. That is, at least with respect to the large number of confounds we tested, children's mean SGA level seemed functionally random. More substantively, the differences in the within-versus betweenperson effects could be explained by the functional relation between SGA and the PNS over time. That is, to the extent to which the relation is driven by chronic rather than transient middle-ear effusion, the null within-person relation would actually be expected.
In addition, although there was ample within-child variation in children' SGA levels over time, this variation comprises meaningful shifts in middle-ear functioning, as well as idiosyncratic changes and measurement error. It may be the case that-at the within-person level-the noise outweighs the signal; a shortcoming that is minimized by aggregating the data over time (i.e., better reliability at the between-person level). Unfortunately, we cannot disentangle these different interpretations with our data.
Other limitations to our study are also worth noting. First, we interpret developmental change in resting RSA and RSA reactivity somewhat cautiously. Although our cognitive challenge paradigm was very similar across the four observation points, the first two tasks differed slightly from the latter two. Specifically, because the Bayley scale (Bayley, 1993) was phased out of the study at 24 months, we used the Preschool Language Scale (Zimmerman et al., 2002) as the cognitive challenge at the 24 and 35 months of age. Both assessments require the child to interact with a novel adult. Both comprise a series of standardized and developmentally salient cognitive tasks that are designed to challenge the child to their peak of their abilities. They took approximately the same amount of time, and both were conducted in the child's home, after building rapport with the child. However, the exact tasks differed across the two assessments. As such, measurement variability is confounded with developmental change. This is, of course, a perennial challenge in developmental work, when continuity may well be expected to be heterotypic. Inspection of the raw data suggested rather continual, linear change in children's RSA trajectories over time; there was no evidence of a more "piecewise" shift that would have been expected were task differences driving the observed changes over time. We, however, cannot rule out this possibility.
Additionally, we adopted middle-ear SGA as our measure of OME risk. Although this method is used as an adjunctive tool in the diagnosis of OME, otoscopy by a trained physician is the gold standard for clinical OME diagnosis. Given the scope of the present study, this was impossible. Thus, although we are unable to make claims about the clinical diagnosis of OME, we were able to collect objective middle-ear data from high-risk families who typically have less access to pediatric health resources. Further, our measure allowed us to consider middle-ear effusion as a continuum. This permitted us to maximize variability and model the functional form of the presumed nonlinear relation between middle-ear effusion and RSA, rather than assume a priori that it aligned with the clinical threshold. Nonetheless, our findings cannot be extrapolated to those that might emerge in the context of true clinical diagnosis.
Finally, although we have weighted our analyses to be representative of the population from which we sampled-it is nonetheless a predominantly low-income and rural population. On one hand, there is reason to suspect that our findings may generalize to more normative contexts. For instance, the prevalence and (presumed) chronicity is seemingly quite similar to more normative samples. On average, in our sample, approximately 25% percent of children were at the manufacturer's recommended threshold for heighted OME risk (Ͻ70°). This approximates findings from more normative samples (e.g., 30%; Auinger et al., 2003) .
If the effects of OME on PNS functioning are more indirectfor example, contingent on the richness of the auditory environment-it remains possible that links between OM and RSA could differ between more and less affluent populations. For instance, This document is copyrighted by the American Psychological Association or one of its allied publishers.
children in more affluent families tend experience richer linguistic environments than do their lower income peers (Huttenlocher, Waterfall, Vasilyeva, Vevea, & Hedges, 2010 )-potentially mitigating the links between OME and PNS functioning. Notably, one can readily devise a prediction in the opposite direction (e.g., OME fails to differentiate children, when the quality of the linguistic environment is low). Thus, ultimately the generalizability of our findings remains unclear. However, such differences are readily testable, given the full income distribution.
Summary
With these caveats in mind, our results suggest that there may be meaningful connections between chronic OME risk and children's developing parasympathetic nervous systems across early childhood. Specifically, on average, high-levels of middle-ear effusion across early childhood tended to manifest in comparatively weakened PNS responses to a modest cognitive challenges. Much remains to be reconciled, with respect to fine-grained mechanisms and potential secondary effects on children's cognitive and socioemotional development. However, the present findings add to the growing literature testing specific aspects of the polyvagal model and may ultimately refine our understanding of the way chronic OME impacts children's cognitive and social development.
